Given that the two-Higgs-doublet model of type III (2HDM-III) has the potential to address the R D ( * ) anomalies while the resolution to the R K ( * ) deficits requires new degrees of freedom within this framework, we consider in this paper a unified scenario where the low-scale type-I seesaw mechanism is embedded into the 2HDM-III, so as to accommodate the R D ( * ) and R K ( * ) anomalies as well as the neutrino mass. We first revisit the R D ( * ) anomalies and find that the current world-averaged results can be addressed at 2σ level without violating the bound from the branching ratio B(B − c → τ −ν ) 30%. The scenario predicts two sub-eV neutrino masses based on a decoupled heavy Majorana neutrino and two nearly degenerate Majorana neutrinos with mass around the electroweak scale. For the R K ( * ) anomalies, the same scenario can generate the required Wilson coefficients in the direction C NP 9µ = −C NP 10µ < 0, with O(1) Yukawa couplings for the muon and the top
Introduction
Flavor physics is one of the most powerful probes of physics beyond the Standard Model (SM) [1, 2] . Recently, several discrepancies between the SM predictions and the experimental measurements have been observed in b → c and b → s semi-leptonic transitions. The measured observables that can be used to test the lepton-flavor universality (LFU) are theoretically rather clean, because the involved hadronic uncertainties are cancelled to a large extent. Thus, the anomalies observed in these decays would suggest intriguing hints for LFU violating New Physics (NP) beyond the SM.
The LFU violating observables we first consider are the ratios R D ( * ) , which are defined as
with = e or µ, and have been measured by the BaBar [3, 4] , Belle [5] [6] [7] [8] , and LHCb [16] [17] [18] [19] at the level of 4σ. Thus far, feasible NP scenarios based on model-independent analyses [13, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] as well as model-dependent constructions such as leptoquarks [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and two-Higgs-doublet models (2HDM) [35, [43] [44] [45] [46] have been extensively studied towards an explanation of the R D ( * ) anomalies. In particular, the general 2HDM of type-III (2HDM-III) with tree-level flavor-changing neutral current (FCNC) can address the R D ( * ) anomalies [44] [45] [46] , but suffers severe constraint from the B − c lifetime [38, [47] [48] [49] . On the other hand, the LFU violating observables R K ( * ) , which are defined as .0 GeV 2 [51] , where q 2 is the dilepton invariant mass squared. The R K result deviates from the SM value R SM K = 1.00 ± 0.01 [52] [53] [54] in the same q 2 region at the level of 2.6σ, while the R K * measurements deviate from the SM predictions 1 by 2.1 ∼ 2.3σ for the first and 2.4 ∼ 2.5σ for the second q 2 region, depending on the theoretical predictions used [51] . The R K ( * ) deficits stir up both model-independent global analyses [53, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] and model-dependent NP constructions such as the Z models [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] and the leptoquark models [33] [34] [35] [36] [37] [81] [82] [83] [84] . It is generally found that reasonable explanations for the R K ( * ) anomalies at the second q 2 region can be achieved, while the resolution to the R K * deficit at the first q 2 region requires more involved NP scenario [64, 66] . Therefore, we will not consider the latter in this paper. While the R D ( * ) anomalies can be improved in the 2HDM-III with a particular up-quark Yukawa texture [46] , the same scenario cannot address the R K ( * ) deficits, because the resulting Wilson coefficients C (see eqs. (50, 51) in ref. [46] ) are universal for all lepton flavors. However, keeping further the electron and/or neutrino Yukawa couplings of both Higgs doublets in a general 2HDM-III can lead to lepton-flavor non-universal C 2HDM 9,10 , and hence provide a viable resolution to the R K ( * ) anomalies, as shown for example in ref. [85] .
Besides the above two intriguing anomalies, there is another clear NP signature observed in neutrino oscillations that indicates nonzero neutrino masses [86] . The massive neutrinos, no matter how small their masses are, cannot be generated in the SM due to the absence of right-handed neutrino states as well as the requirement of renormalizability. In neutrino physics, there exist many interesting models that can address the neutrino mass problem, such as the type I-III seesaw models 2 , the inverse seesaw (ISS) model [87] [88] [89] , as well as the lowscale type-I seesaw (LSS-I) model [90] [91] [92] [93] [94] [95] . Given that the 2HDM-III considered in ref. [46] has the potential to accommodate the R D ( * ) anomalies, while the resolution to the R K ( * ) deficits based on the same framework requires new degrees of freedom, we will consider in this paper a unified scenario where the LSS-I mechanism is embedded into the 2HDM-III and discuss the compatibility of neutrino mass generation along with the explanation towards the R K ( * ) deficits.
Our paper is organized as follows. We begin in Sec. 2 with a brief overview of the 2HDM-III, and then revisit the R D ( * ) anomalies, demonstrating that the current world-averaged results can be addressed at 2σ level without violating the bound
we combine the 2HDM-III with the LSS-I mechanism, and discuss the relevant neutrino mass problem and the lepton-flavor violating constraints from the processes i → j γ. In Sec. 4, we 1 The theoretical predictions for the ratio R K * can be found in ref. [51] and references therein. 2 We refer to the review [86] and references therein for these three different seesaw models.
determine the Wilson coefficients in the direction C NP 9µ = −C NP 10µ < 0, providing therefore an explanation for the R K ( * ) deficits at 1σ level. Finally, our conclusions are made in Sec. 5.
2 General 2HDM-III and R D ( * ) anomalies
Framework of general 2HDM-III
In the 2HDM [96, 97] , an additional scalar doublet with hypercharge +1 is introduced to the SM field content. The most general scalar potential with a softly-broken Z 2 symmetry can be written as 
with tan β = v 2 /v 1 . Here G and G ± denote the Goldstone bosons, and H ± , H(h) and A are the physical charged, scalar and pseudoscalar Higgs bosons, respectively.
The generic Yukawa Lagrangian in the 2HDM-III is given by
Here,Φ i = iτ 2 Φ * i with τ 2 being the Pauli matrix; Q L and E L denote the left-handed quark and lepton doublets, respectively; u R , d R and e R are the right-handed singlets. The physical eigenstates of fermions are obtained by performing the rotations
, where the primed fields denote the weak eigenstates. After transforming to the mass-eigenstate basis, the Lagrangian in eq. (2.5) gives rise to the tree-level scalar-mediated FCNCs.
A common way to parametrize these scalar-mediated FCNC effects is to define:
where for i = 1, f = u and for i = 2, f = , d. A systematic analysis for the effective couplings X f i has been given in ref. [98] . It is found that all entries of X are still allowed, which has also been found in refs. [85, 99] . Based on these observations, we will show in the subsequent sections that X 
Revisiting the R D ( * ) resolution in the 2HDM-III
In the 2HDM-III, new scalar and pseudoscalar operators generated by the exchanges of charged Higgs bosons H ± will contribute to the tree-level b → cτν transitions 3 . The corresponding effective Hamiltonian is given by 
The pseudoscalar operator, with the corresponding coefficient C P = C SR − C SL , contributes also to the purely leptonic decay B − c → τ −ν , with the corresponding branching ratio given by be relaxed up to a 30% of the total width if the longer lifetime τ Bc = 0.7 ps is taken as an input for the SM calculation, as suggested firstly in ref. [47] . This results in the conservative bound B(B c → τ ν) 30%, as is now commonly used in the literature.
Based on the allowed regions for the couplings X f i [98] , a particular texture of X u 1 was first considered in ref. [45] to address the R D ( * ) anomalies:
4 Here, to be more conservative, we do not adopt the more stringent constraint B(B − c → τ −ν ) 10% obtained in ref. [49] , because this bound depends on the widespread theoretical values used for
Recently, such a scenario is re-analyzed more thoroughly in ref. [46] and rely on the theoretical models. Therefore, we will not consider these q 2 distributions as a further constraint throughout this paper.
To demonstrate that the current world-averaged R D ( * ) results can be accommodated at 
evaluated at the NP scale µ H = M H ± . Evolving it down to the b-quark mass scale, we get [35] : The result is shown in Fig. 1 . We can see that the constraint on tc becomes more severe with smaller M H ± . Note that a negative Re( tc ) is required, because only C SL plays the significant role in the fit and the dominant contribution to R D * comes from the interference term (see eq. (2.9)). Generically, the magnitude | tc | is bounded at 0.1 − 0.2.
We conclude therefore that the R D ( * ) anomalies can be addressed at 2σ level without violating the bound from B(B − c → τ −ν ) 30% in the 2HDM-III. In the remaining sections, we will turn our attention to the neutrino mass as well as the R K ( * ) anomalies in the same framework but with the LSS-I mechanism embedded into it.
3 2HDM-III embedded with the LSS-I mechanism
Review of the LSS-I model
The ISS [87] [88] [89] and LSS-I [90] [91] [92] [93] [94] [95] models are the two popular candidates which allow for the low-scale heavy neutrino mass and the sizeable light-heavy neutrino mixing. In both of the two cases, the tiny neutrino mass is accounted for by a softly U (1)-symmetric breaking term.
From the consideration of minimality, we will only discuss the LSS-I model, as the ISS model requires three more fermion singlets.
In the LSS-I model, at least two right-handed neutrino singlets should be introduced beyond the SM field content, to generate the phenomenologically viable pattern of neutrino masses.
Such a minimal scenario with two right-handed neutrino singlets can be found e.g. in refs. [92, 108] . Here we will consider the three-generation case. The neutrino Yukawa interaction is now
given by
where H is the SM Higgs doublet and N R the right-handed neutrino singlet accompanied by a Majorana mass matrix M R . After the spontaneous symmetry breaking, it leads to a full 6 × 6 neutrino mass matrix:
T . The mass matrix M ν can be block-diagonalized by a 6 × 6 unitary matrix U ν defined in the following way [94] :
with the Dirac neutrino mass matrix
and the heavy Majorana neutrino mass matrix M R can be further diagonalized by the 3 × 3 unitary matricesŨ P and V R , respectively; i.e.,
denote the light and heavy neutrino mass eigenvalues, respectively.
As pointed out in ref. [91] , the tiny neutrino mass can be induced by nearly degenerate heavy neutrinos with mass around TeV scale. Earlier in ref. [90] , another scenario where three heavy neutrinos are nearly degenerate due to a softly SO(3)-symmetric breaking term was proposed to realize the electroweak-scale resonant leptogenesis and the small neutrino mass.
In both of these two cases, however, the light-heavy neutrino mixing which is encoded in
cannot reach O(1) due to the indirect constraints from the low-energy precision data, such as the electroweak precision observables and the LFU tests [109] [110] [111] [112] . As a consequence, the severely restricted U νN cannot provide a solution to the R K ( * ) anomalies via the neutrino-mediated box diagrams [113] . Therefore, we have to introduce additional neutrino Yukawa interactions so as to provide an explanation for the R K ( * ) deficits. In the next two subsections, we will illustrate that the additional neutrino Yukawa couplings can reach O(1) in the 2HDM-III framework.
2HDM-III with electroweak-scale heavy neutrinos
In the same spirit of ref. [91] , we consider the following Yukawa Lagrangian added to eq. (2.5):
In the basis where the charged-lepton mass matrix is diagonal, we assume that the two Yukawa matrices Y ν 1,2 and the right-handed neutrino mass matrix M R have respectively the following textures:
From the group-theoretical perspective, these textures manifest a global U (1) symmetry under the charge assignments:
To avoid the scalar-mediated FCNC in the charged-lepton sector, we can assign to the right-handed charged leptons the U (1) charges as:
On the other hand, we do not consider explicit U (1) charge assignments for the quarks, because the explicit flavor-symmetry construction should now not only generate the needed FCNC texture given by eq. (2.11), but also produce the already-known pattern of the Cabibbo-KobayashiMaskawa mixing matrix [114, 115] , which would become extremely nontrivial. Instead, we will assume that the Yukawa interactions in the quark sector are U (1) invariant. In this case, the parameters µ in eq. (3.6) and m 2 12 in eq. (2.1) (with λ 5 = 0) become the only sources to break softly the U (1) symmetry.
The light neutrino mass matrix is now given by
with
As the above neutrino mass matrix is of rank two, only two massive neutrinos are predicted in the considered scenario. Under the conditions that (i) tan β 1, (ii) the parameter µ is small,
, the sub-eV neutrino mass can be easily produced, without tuning the Yukawa couplings x i and y i to be extremely small. Explicitly, we find that the following set of parameters
would induce m ν ∼ 0.1 eV 5 . Furthermore, the heavy Majorana neutrinos have mass eigenvalues 5 Realistic neutrino mass generation via the seesaw mechanism within the 2HDM framework has also been
. This indicates that the first two generations form a pseudoDirac neutrino [91, 117] with mass splitting proportional to µ, while the third one is considered to decouple from the 2HDM-III field content when M 3 M O(v).
We now make remarks on the choice of the parameter set given by eq. (3.9). The nondecoupled heavy neutrinos are assumed to reside at the electroweak scale, so that they can be produced directly at the high-energy colliders, providing therefore experimental tests for the LSS-I mechanism [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] . One of the intriguing properties of the parameter µ in our case is that it is not necessary to be extremely small 6 , because it is now accompanied by cos 2 β, the value of which is preferred to be small in light of the R D ( * ) resolution within the 2HDM-III.
Therefore, the hierarchy issue (µ M ) can be relaxed to a large extent [128, 129] .
For the couplings x i , as will be discussed in Sec. 4, an O(1) x 2 is required to address the R K ( * ) anomalies. Such a muon-philic coupling also receives the indirect constraints studied in refs. [109] [110] [111] [112] for the light-heavy neutrino mixing parameters, but its contributions to the one-loop self-energy corrections of the W/Z bosons were found to be negligible with electroweak-scale heavy neutrinos [111] . Following the analysis made in ref. [112] , we find that the contributions up to the one-loop order can be formally expressed as and
As stressed in ref. [112] , the lepton-flavor violating transitions i → j γ give one of the most considered e.g. in ref. [116] . severe constraints on the light-heavy neutrino mixing parameters. Thus, we will consider such constraints on the x i parameters with x 2 O(1) in the next subsection. Specifically, we will analyze the process τ → µγ, while the more severe constraint from µ → eγ that sets bound on the product x 1 x 2 can be simply avoided if x 1 → 0 [112, 132] .
τ → µγ constraint
In our scenario, the ratio between the decay width of τ → µγ with respect to that of τ → µνν is given by
where λ = M 2 /M 2 H ± , s W = sin θ W with θ W being the weak mixing angle, and α em is the finestructure constant. In the above result, we have neglected the small Yukawa couplings in the charged-lepton part.
Fixing x 2 = 1, we show in Fig. 2 .7) and (3.8)), which is motivated by the analysis made in ref. [92] .
Certainly, the tri-bimaximal mixing pattern should be modified in order to generate nonzero reactor angle (see e.g. the updated global fit for the neutrino oscillation data [134] ), which, however, cannot be realized in the x 1 = x 3 = 0 limit 8 . For specific parameter choices, we refer to ref. [91] for details.
4 R K ( * ) deficits in the 2HDM-III embedded with the LSS-I mechanism
Theoretical R K ( * ) explanation
In our analysis, we will focus only on the following subsets of operators which are directly responsible for the transition b → sµ + µ − [135] : by fitting to the R K ( * ) deficits as well as the various available data on b → s + − and b → sγ < 0. However, the scenario (III) predicts R K = 1 and hence cannot explain the R K ( * ) deficits simultaneously. In ref. [66] , it is further found that the scenario (II) can provide a better fit in light of the LHCb measurement of R K * [51] . Accordingly, we will investigate if this interesting scenario could be reproduced in our framework.
In our scenario, the Wilson coefficients C 7,9,10 will receive a suppression factor 1/ tan β, which can be also seen from refs. [46, 98] . Although a sizeable C 7 can be generated in our scenario, it is severely constrained by the inclusive decay B → X s γ 9 . Hence only C 9,10 are relevant to our discussion for the R K ( * ) anomalies. We find that the Feynman diagrams depicted in Fig. 3 can give sizeable contributions to C NP 9µ = −C NP 10µ < 0, which is favored by the scenario (II). The dominant contribution comes from the third diagram with two charged Higgs bosons running in the loop, because the vertex H ± N µ ∓ allows a sizeable coupling (O(1)) while the W ± N µ ∓ coupling is constrained to be O(10 −2 ) [109] [110] [111] [112] . To this end, for simplicity, we will consider only the contribution coming from this diagram.
After a direct calculation, the corresponding Wilson coefficients are given by
with ti given by eq. (2.11). The scalar function I(x, y, z i ) is defined as
Here we have neglected the mass splitting between the two non-decoupled heavy Majorana neutrinos. The decoupled Majorana neutrino, on the other hand, does not play any role in the box diagrams because its couplings to the 2HDM fields are suppressed by the inverse of its mass.
Finally, we need to mention that there are also contributions from the Z-and γ-penguin diagrams, giving rise to the lepton-flavor universal Wilson coefficients C NP 9
and C NP 10 , with = e, µ, or τ . However, using the formulae given in ref. [46] , we have checked numerically that these contributions are small for M H ± 500 GeV, | tc | 0.5, and | tt | 1. Hence we will not consider these contributions in the following numerical analysis.
Numerical R K ( * ) analysis
The free parameters in eq. deficits. When the other eight box diagrams depicted in Fig. 3 are also taken into account with a sizeable W ± N µ ∓ coupling [112] , the required sizes of x 2 and | tt | can both be reduced.
However, these contributions are not explicitly taken into account when making the plots in Fig. 4 , because in this case more parameters would be involved.
It should be pointed out that the parameters tt and M H ± are also tightly constrained by GeV [98, 137] , which are compatible with the ones required for explaining the R K ( * ) deficits.
Thus, our scenario can provide an explanation for the R D ( * ) and R K ( * ) anomalies, while complying with these tight constraints. On the other hand, the O(1) coupling x 2 , besides its contribution to R K ( * ) , also contributes to the muon g − 2 dominantly at the one-loop level.
However, this contribution is only of O(10 −10 ) for M H ± 100 GeV [138] , which is smaller than the current experimental data [106] by an order of magnitude. It is therefore difficult to provide a resolution to the muon g − 2 excess in the same scenario. In a follow-on paper [136] , we will
show that large contributions to the muon g − 2 can come from the two-loop Barr-Zee type diagrams. If the muon g − 2 excess is attributed to these two-loop Barr-Zee contributions, large tt and relatively light charged Higgs boson would be required. In this case, the constraints from B s −B s mixing and b → sγ transitions would become very severe. However, with a nonzero ct introduced to X u 1 (see eq. (2.11)) [85, 98, 99, 139] , the muon g − 2 anomaly can still be addressed while the constraints from these processes are satisfied at the same time [136] .
Finally, it should be mentioned that, due to the presence of O (1) Upper limits on σ(pp → tbH
GeV [142] and M H ± = 180 − 600 GeV [143] , respectively. Following the discussions made explicitly in refs. [46, 85, 144] , which are sufficient for the current purpose, we have found that all these experimental bounds can be satisfied by the parameter regions allowed by the R D ( * )
and R K ( * ) anomalies. As a further nonzero ct needs to be introduced to X u 1 in order to provide a resolution to the muon g − 2 excess while complying with the tight constraints from the B-physics observables [136] , we plan to perform a detailed study of the direct LHC constraints on the charged and neutral scalars at nonzero values of tt , tc and ct , as well as the neutrino Yukawa couplings in an upcoming paper.
Conclusions
Based on the structure of the 2HDM-III that has been proposed to address the R D ( * ) anomalies, we have considered a unified scenario where right-handed heavy neutrinos are introduced to the model, so as to generate small neutrino masses and, at the same time, provide reasonable explanation for the R K ( * ) anomalies. https://hflav-eos.web.cern.ch/hflav-eos/semi/summer18/RDRDs.html.
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